Streptomycetes are filamentous bacteria that produce a plethora of bioactive natural products and industrial enzymes. Their mycelial lifestyle typically results in high heterogeneity in bioreactors, with morphologies ranging from fragments and open mycelial mats to dense pellets. There is a strong correlation between morphology and production in submerged cultures, with small and open mycelia favouring enzyme production, while most antibiotics are produced mainly in pellets. Here we describe SParticle, a Streptomyces Particle analysis method that combines whole slide imaging with automated image analysis to characterize the morphology of submerged grown Streptomyces cultures. SParticle allows the analysis of over a thousand particles per hour, offering a high throughput method for the imaging and statistical analysis of mycelial morphologies. The software is available as a plugin for the open source software ImageJ and allows users to create custom filters for other microbes. Therefore, SParticle is a widely applicable tool for the analysis of filamentous microorganisms in submerged cultures.
Introduction
Streptomycetes are Gram-positive bacteria that have a complex mycelial lifestyle, whereby they reproduce via sporulation Chater and Losick 1997) . Streptomycetes and other members of the phylum Actinobacteria are of great medical, biotechnological and agricultural importance due to their ability to produce a wide variety of bioactive natural products (Barka et al. 2016; Bérdy 2005; Hopwood 2007 ). Furthermore, their saprophytic lifestyle allows them to degrade almost all known, natural bio-polymers (Omura 1992) . Morphology and growth characteristics may vary strongly, based on strainspecific traits that are yet poorly understood (Jakimowicz and van Wezel 2012). During growth in submerged cultures, Streptomyces species form mycelial structures, which can be classified in three groups based on the different phenotypes (van Dissel et al. 2014) . Many streptomycetes form extended mycelial networks, which often self-aggregate into dense cellular structures called pellets Meyerhoff et al. 1995) . Other morphologies include mycelial mats (caused by open growth) and small hyphal fragments (Tresner et al. 1967) . Streptomyces can be further subdivided into those that sporulate in liquid cultures and those that do not (Girard et al. 2013; Glazebrook et al. 1990; Kendrick and Ensign 1983) . When grown under different conditions, growth rate and morphology are not just strain specific, but also change depending on the composition of the growth medium, pH, temperature, shear rate, dissolved oxygen concentration and inoculum (Tough and Prosser 1996; Cui et al. 1998) . The relationship between growth and morphology, on the one hand, and biomass accumulation and productivity on the other, is complicated, and optimal morphology varies from product to product ). While pellets are primarily physiologically active around the edges and therefore associated with slow growth, they promote antibiotic production, presumably correlated to nutrient limitation in the core of the pellets (van Dissel et al. 2014; Wardell et al. 2002) . Conversely, smaller pellets and open mycelia are generally preferred morphologies for enzyme production, which may be explained by the fact that protein production preferentially takes place at apical sites (van Wezel et al. 2006; Willemse et al. 2012) .
Detailed assessment of the morphological characteristics of a culture is important for rational strain design . Attempts in the 1990s aimed at qualitatively assessing the morphology of filamentous microorganisms, applied a combination of microscopy with the advances in computational power for (semi-)automated image analysis to measure the size and other characteristics such as shape, density and complexity of pellets (Reichl et al. 1992; Reichl et al. 1990; Treskatis et al. 1997; Pinto et al. 2004; Barry and Williams 2011) . A limitation of microscopy-based techniques is the trade-off between the throughput and image quality. Sufficient resolution is required to allow reliable image analysis, but higher magnification limits the number of particles that can be captured (Barry and Williams 2011; Papagianni 2014; Hardy et al. 2017 ). Various methods have been tried to increase the sample size in image analysis methods (Cox and Thomas 1992; Packer and Thomas 1990) . Flow cytometry using a complex object parametric analyzer and sorter (COPAS) efficiently analyzes pellets by size and fluorescence, allowing up to several 100 s of measurements per second (Petrus et al. 2014 ). There are however technical limitations; firstly, detection of small mycelial fragments is unreliable because their extinction coefficient is close to the background value, and the same is true for hyphae at the edge of open mycelial aggregates, making the relation between time of flight and pellet size hard to calibrate. Secondly, the time of flight fails to take the shape of pellets into account. Since pellets are typically non-circular, COPAS measurements cannot be used for pellet-volume estimation. This is also reflected in the larger standard deviation often observed in cytometry measurements (Rønnest et al. 2012) . Thus, microscopy allows acquiring information about pellet shape, density and fragmentation, while flow cytometry is ideal for studying population traits, due to the high number of measurements.
To overcome the low sample size in microscopic measurements we applied whole slide imaging (WSI) combined with automated image analysis to increase the throughput without compromising image quality and thus reliability. WSI has been used by pathologists for more than a decade (Webster and Dunstan 2014) . Imaging of a whole pathological sample and subsequent automated image analysis is becoming common practice in areas such as cancer research (Cooper et al. 2015) and developments on staining techniques continuously expand the applicability of WSI (Gray et al. 2015) . So far, WSI has found limited application in microbial population measurements (Posch et al. 2012) , and no software is currently freely available.
Here we describe a WSI-based method for automated imaging of Streptomyces mycelia. By capturing a high-resolution picture of a large area, our approach visualizes a large number of particles, and accurately identifies particles ranging from small mycelial fragments to large pellets. As our method is applicable to other filamentous micro-organisms, we expect that this free software will allow labs to improve the quantitatively and qualitatively description of microbial morphologies.
Materials and methods

Strains and culturing conditions
Streptomyces coelicolor FM145 (Willemse and van Wezel 2009) was used as reference strain in all experiments. FM145 is a derivative of S. coelicolor M145 (Bentley et al. 2002) with reduced autofluorescence. The filamentous fungus Aspergillus niger N402, as well as the cyanobacteria Gloeothece sp. PCC 6909, Chroococcidiopsis sp. PCC 6712 and Synechococcus elongatus PCC 7942 were obtained from our in-house strain collection. A. niger N402 was grown at 30°C in complete medium, consisting of minimal medium supplemented with 1% yeast extract and 0.5% casamino acids (Vinck et al. 2005) . Gloeothece sp. PCC 6909, Chroococcidiopsis sp. PCC 6712 and S. elongatus PCC 7942 were cultured in BG-11 media as described (Voshol et al. 2015) . Streptomyces spores were collected from MS agar plates (Kieser et al. 2000) . Colony forming units (Cfus) were determined by plating serial dilutions on MS agar plates. For submerged growth and pellet size measurement experiments, S. coelicolor was cultivated in spring-loaded 125 ml Erlenmeyer flasks containing 25 ml Tryptic Soy Broth media supplemented with 10.3% sucrose (TSBS). Cultures of S. coelicolor FM145 were inoculated with 10 6 Cfu spores/ml unless stated otherwise. A one inch orbital shaker (New Brunswick) was used at 30°C with shaking at 200 rpm.
Microscopy and software
For imaging of the samples, we used a setup consisting of a Zeiss inverted Axio Observer with automated XYstage using a 910 objective and a Hamamatsu EM-CCD c9100-02 camera. Samples were taken from submerged cultures using a wide-gauge 200 ll pipette tip to allow big pellets to pass, and transferred to a microscope slide, covered with a 2 9 2 cm 2 cover slip and sealed by using fast drying nail polish to prevent evaporation induced artefacts during imaging. The automated stage served to capture a multi-image phase-contrast mosaic, imaged by meandering from top left to bottom-right ( Fig. S1 ). The outer 2 mm of the cover slip were excluded from measurements to exclude an effect of the sealing material. By using a 20 by 20 grid, with 10% overlap of images, we were able to capture the *1.4 9 1.4 cm inner area of the slide, which takes *8 min to complete. The software was developed as a plugin for the ImageJ package (https:// imagej.nih.gov/ij/index.html), which is freely available from the Leiden University ImageJ update site (https://imagej.net/List_of_update_sites).
Results
Automated image analysis steps
We sought to develop software that allows researchers to reliably assess morphological parameters of submerged cultures of filamentous microorganisms at medium to high throughput scale. A major aim was to combine automated image analysis with automated whole slide imaging so as to allow assessing the morphology of mycelia in submerged cultures for any given culture within 15 min in a statistically relevant manner.
Mosaic image building and image normalization
Submerged cultures were set up by inoculating TSBS cultures with 10 6 cfu and grown for 24 h at 30°C. Subsequently, mosaic images of the samples were obtained using an automated stage microscope. To quickly analyze a large number of mycelia, mosaic images were created using the Axiovision software and stored as separate TIFF files. These files were reconstructed into large mosaic images thereby eliminating partial pellets at the borders of individual images. Furthermore, the images were normalized to correct for light fluctuations from the light source. Using a 20 9 20 grid, with 10% overlap of images, an approximately 1.4 9 1.4 cm inner area of the slide was captured in approximately 8 min. 400 images per slide were taken and analyzed in ImageJ. As a rule of thumb, 12 Gb of RAM is sufficient to analyze *325 megapixel images, which means that an entire microscope slide can be analyzed as a single image. Sampling density was chosen such that most pellets and fragments are spatially separated, simplifying analysis of the objects and allowing brightness adjustment of each mosaic image using the background intensity determined as grey values. This method also allows analysis of fluorescence images, as well as analysis of different mycelial morphologies (Zacchetti et al. 2016) .
Determining the region of interest (ROI)
Thresholding was applied to separate candidate objects from the background, creating a binary image. Pixels with brightness values between 50 and 90 were assigned as background, while the remaining pixels were assigned as possible pellet edges and small mycelial fragments. The detection of small fragments was facilitated by phase-contrast imaging, where changes in light permeability are emphasized resulting in illuminated edges. After thresholding, area filling was applied to generate solid objects out of the detected edges ( Fig. 1 ). Objects larger than 6 9 10 5 lm 2 (corresponding to an object with a diameter larger than 900 lm) were ignored to remove artifacts such as air bubbles, while objects smaller than 200 pixels were filtered out to remove small artifacts like cell debris or precipitated salts.
To maximize sample size and optimize the accuracy of the measurements, groups of particles were separated by water-shedding the mask after applying a Gaussian blur. This approach separates adjacent objects as shown in Fig. 1e . The risk of separating irregularly shaped pellets into two objects is minimized by only applying a separation if the interface between the two adjacent particles is smaller than 150 lm. Separation between adjacent objects is achieved by using a Voronoi transformation. This transformation divides the image into as many regions as there are objects in the total image (Fig. 1) .
A rule set was applied on the ROIs to separate contaminants from pellets or mycelial fragments. For example, this filtering step eliminates large noncircular objects (e.g. cotton fibers) and objects deviating from the normal pellet density. For a complete set of rules, we refer to the Supplemental Methods. To allow a broader use of the plugin, a manually defined filter can be applied to any given set of ROIs. An additional macro tool is provided to create these manual filters. In this paper only the settings, Fig. 1 Steps of ROI identification. The original image (a) is transformed into black & white (B&W; b) using thresholding. Fully enclosed black areas are filled with white (c) and a Gaussian blur (d) is applied. Areas that are connected via ''thin'' bridges are separated via Watershedding (e) and a Voronoi transformation (f) is applied to find object areas. Identified area borders are subtracted from the filled B&W image (g) and small objects are deleted (h). Individual areas are then marked as ROIs, which are now ready for advanced filtering to further analyse the particles optimized for streptomycetes, were used (see Supplemental Methods) . Depending on the density of the sample, an image may contain up to 500 pellets and mycelial fragments. These are all identified and marked as separate ROIs and further measured. Saving all regions as well as the selected ones in separate files allows manual correction for false negatives if required.
Determining particle shape
After eliminating non-desirable objects from the potential list of particles, multiple parameters need to be measured to describe the objects in more detail. We chose the following parameters to describe the objects of interest: area, mean intensity, standard deviation of intensity, roundness, circularity and Feret's diameter (an object's diameter along its longest axis). In ImageJ, the area to be measured is rotated with 2°increments and Feret's diameter is calculated vertically. The maximum measurement is taken as the longest distance within the object.
After processing by ImageJ, all selected ROIs were subjected to additional measurements. Initially the roughness was determined by dividing the perimeter of the object by the perimeter of the fitted ellipse. Furthermore, the morphological number, a dimensionless parameter which combines multiple morphological parameters and has been shown to correlate to productivity, was determined (Wucherpfennig et al. 2011; Wucherpfennig et al. 2013) , and subsequently the fractal box mass dimension as well as the box surface dimension and the fractal quotient are determined (Obert et al. 1990; Ryoo 1999) . These three morphological pellet parameters distinguish different mycelial morphologies. Another circularity measurement based on Cartesian to Polar coordinate transformation (Stojmenovic et al. 2013 ) was also determined. This method is more suited for estimating the circularity of a pellet, as other conventional methods use the perimeter length of an object. The object perimeter of a mycelial particle is highly dependent on outwardly protruding hyphae. Therefore, the number and length of the hyphae dictates conventional circularity calculations, making them unsuited to describe the circularity (see Fig. S2 for more details). We also implemented a band-intensity measurement, where donut shaped areas are placed that radiate from the center of the shape. The shapes of the donuts are corresponding to the shape of the ROI and each ROI is divided into 20 regions. By default, pellet images in phase contrast microscopy have relatively dark protruding hyphae, then a brighter ring at which the pellets dense region starts, followed by a darker interior. We make use of this by determining the peak intensity of the selected bands and then determining its positions relative to the edge of the pellet. This determines the width of the less dense outer perimeter of the pellet. The difference between the edge and the maximum allows determining the size of the lowdensity exterior in micrometers. Finally, we determine the outer intensity ratio to the inner intensity to determine how dense the pellets are, this parameter can be helpful in assisting to differentiate between pellet (with a dense/dark center) and mat formers (open center).
From plugin to practice: imaging pellet formation by Streptomyces coelicolor
Optimizing the software for imaging of Streptomyces mycelia Next, we optimized the microscope settings for the analysis of Streptomyces mycelia. A 910 magnification results in a pixel size of 780 nm, which suffices to distinguish mycelial fragments larger than 2 lm, which we chose as cut-off. We used this magnification throughout all experiments to minimize capture time while maintaining sufficient resolution. 42 WSI images were analyzed, resulting in the identification of more than 10,000 mycelial objects. To check the efficiency of the filter we manually confirmed or rejected all identified objects. This revealed 1.5 ± 0.46% false positives (average 262 correct objects per image detected, and 4 incorrect ones). Manual inspection of over 27,000 rejected objects revealed 1.06 ± 0.02% false negatives, in other words rejected objects that are proper mycelial objects (on average 658 correctly rejected objects per image detected, and 7 falsely rejected).
To test the reproducibility of the particles imaged by WSI combined with the ImageJ plugin SParticle, S. coelicolor was cultivated using the standard conditions described above. From a single flask three separate samples were analyzed to detect measurement variations. Comparing morphological descriptive parameters, including area, Feret diameter and circularity, no significant differences were found between the three replicate samples (Fig. 2a ). This shows that the method reproducibly analyzed the particles. Importantly, adding an identical inoculum to cultures grown in independent shake flasks also resulted in highly similar morphologies (Fig. 2b) . replicates. The circles represent the 95% confidence intervals as determined with the error ellipse plotter (Kington 2012) . b Likewise, no differences were observed when samples were taken after 24 h from different culture flasks
Correlating inoculum and pellet size
To assess if we could distinguish between samples with a distinct pellet size distribution, cultures were inoculated at different spore densities. This was based on the observation that the inoculum density correlates to pellet size, where a higher number of spores results in a reduced average pellet size (Vecht-Lifshitz et al. 1990) . For this, 25 ml TSBS cultures were inoculated with 10 5 , 10 6 or 10 7 cfu of S. coelicolor spores and samples were taken after 24 and 48 h of growth and analyzed by WSI. After 24 h, no statistically relevant difference was observed between the three inoculation densities, which all yielded pellets with a similar diameter versus polar circularity (95% CI; Fig. 3a ). After 48 h, small mycelial fragments represented a major fraction of all detected particles (Fig. 3b , left hand side). Fragmentation was observed at all inoculation densities, leading to the establishment of a population of small mycelial fragments and a separate population of larger particles. Notably, the average diameter of large particles was significantly different between the three cultures and depended on the starting inoculum (Fig. 3e) , with T test p-values of 1.1 9 10 -11 , 1.04 9 10 -74 , 1.46 9 10 -63 for 10 5 vs. 10 6 , 10 5 vs. 10 7 and 10 6 vs. 10 7 , respectively. These differences between inoculum size and average pellet size, measured in the population from which small fragments were excluded, are in agreement with literature (Vecht-Lifshitz et al. 1990 ), which underlines the applicability of SParticle for the analysis of pellet morphologies.
Influence of shaker speed and orbital size on pellet size
Analysis of 24 h cultures at various shaker speeds and orbital sizes revealed no differences between baffled flasks or flasks with stainless steel spring coils (Fig. 4a ). All other growth conditions were kept the same as described above. However, large differences were seen when flasks without baffles or springs were used (Fig. 4b ). Decreasing the shaker speed from 200 to 100 rpm led to a three-fold increase in average pellet diameter (Fig. 4c ). We did not observe significant differences (p = 0.09) between 125 ml flasks and 250 ml flasks filled with equal relative volumes ( Fig. 4d ), in line with previous observations (Mehmood et al. 2011) .
Application to other filamentous organisms
To establish if SParticle can also be used to analyze the morphology of other filamentous microorganisms we analyzed the mycelia of A. niger N402 grown for 24 h and Gloeothece sp. PCC 6909, Chroococcidiopsis sp. PCC 6712 and S. elongatus PCC 7942 grown for 120 h. From the image data, the software identified small and large pellets or assemblies of A. niger, Gloeothece sp. PCC 6909, Chroococcidiopsis sp. PCC 6712 and S. elongatus PCC 7942 (Fig. 5) . This further underlines the applicability of SParticle for the analysis of the morphology of filamentous microorganisms in submerged cultures.
Discussion
Streptomyces species are exploited extensively as production hosts of natural products and enzymes. However, their complex morphology in submerged cultures such as during industrial fermentation significantly compromises their commercialization. Understanding the relationship between morphology and productivity of antibiotics and heterologous enzymes should, in part, identify how a strain may be morphologically tuned for optimal yield. Multiple methods have been applied to alter pellet morphology, based on changing environmental factors that alter growth or fragmentation (Mehmood et al. 2011; Wucherpfennig et al. 2011) , on altering morphological genes such as those for surface polysaccharides [cslA, glxA, matAB (Chaplin et al. 2015; van Dissel et al. 2015; Xu et al. 2008)] or for cell division genes [ssgA (Traag and van Wezel 2008; van Wezel et al. 2006) ]. Many of these morphological alterations have been shown to influence and often improve yield and productivity. This stresses the need for morphological optimization of Streptomyces cultures, where the relation between small changes in morphology and product formation is monitored. The new imaging tool developed during this work allows for detailed and at the same time rapid assessment of particle sizes and shapes in a given culture, thus enabling scientists to study the relationship between morphology and productivity efficiently and in high detail.
WSI-based image analysis represents a quick, easy and inexpensive method for analysis of pellet shapes and heterogeneity in Streptomyces cultures. The only specialized equipment that is needed is an automated XY-stage for a wide-field microscope. If such equipment, which is often routinely present in many imaging setups, is not available, the method can be used to automate the analysis of single images, although in that care must be taken to prevent subjective image selection. Besides the ease of b Fig. 3 Correlation between inoculum and pellet morphology.
a Inoculation density versus pellet size at 24 h. Measurement on different inoculation densities after 24 h reveals no differences in pellet morphology in early growth. For increasing inoculation density the amounts of pellets analyzed were 276, 105, and 292 respectively. Plotted are the average diameter versus the polar circularity, whereby the circles represent the 95% confidence intervals. b Inoculation density versus pellet size at 48 h. Measurements after 48 h indicate a large part of the population to be present as mycelial fragments and small pellets (\150 micron in length). The number of particles analyzed for increasing inoculation density were 1980, 1349, and 520 respectively. c Analysis of pellets from 48 h cultures confirms an inverse relationship between pellet size and inoculation density. The number of pellets analyzed for increasing inoculation density were 112, 149, and 213 respectively. Plotted are the average diameter versus the polar circularity; circles represent 95% confidence intervals Fig. 4 Shake speed and orbital size versus pellet size. Differences between baffles, coils, common flasks, shake speeds and flask volume. Based on these data we see no differences between coils and baffles (a) or between different inoculation volumes (d). However clear differences in pellet size were observed between unbaffled and baffled flasks (b) and when the orbital shaking speed was adjusted (c). Plotted are the average diameter versus the polar circularity; circles represent the 95% confidence intervals implementation, our method can also be adapted to include other microscopic methods, whereby qualitative pellet analysis may be based on for example fluorescence, such as for the study of mycelial aggregation (Zacchetti et al. 2016 ). In addition, the tool may be adapted for the analysis of filamentous bacteria in activated sludge processes where current tools are only 72% accurate (Dias et al. 2016) . Imaging mycelia formed after 24 and 48 h of growth with different inoculums were well in accordance with previously described dynamics. Imaging of a single slide containing up to 500 pellets and mycelial fragments can be done in\10 min. While this does not compare to the high rate of flow cytometry-based methods (COPAS), the throughput is high enough to analyze population dynamics and has the added advantage of being retraceable because the original images can be reanalyzed. Also, a COPAS is expensive, and the low-cost WSI setup makes the method widely applicable, and at much higher throughput than manual microscopic methods. Additional flexibility is offered by the fact that additional filters can be generated using the Roi_Manager_Filter_Creator tool. This allows creating a storable and reusable Roi-Manager filter allowing the user to set their own filtering parameters. Thus, the program can be adapted to analyze basically anything that can be separated from the background of given sample image by using intensity-based thresholding. The combination of tools should be widely applicable to anyone interested in automated image analysis of whole slide imaging.
